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Controlling Magnetism via Transition Metal Exchange in the Series of
Intermetallics Eu(T1,T2)5In (T = Cu, Ag, Au)
Abstract
Three series of intermetallic compounds Eu(T1,T2)5In (T = Cu, Ag, Au) have been investigated in full
compositional ranges. Single crystals of all compounds have been obtained by self-flux and were analyzed by
single X-ray diffraction revealing the representatives to fall into two structure types: CeCu6 (oP28, Pnma, a =
8.832(3)–9.121(2) Å, b = 5.306(2)–5.645(1) Å, c = 11.059(4)–11.437(3) Å, V = 518.3(3)–588.9(2) Å3)
and YbMo2Al4 (tI14, I4/mmm, a = 5.417(3)–5.508(1) Å, c = 7.139(2)– 7.199(2) Å, V =
276.1(2)–285.8(1) Å3). The structural preference was found to depend on the cation/anion size ratio, while
the positional preference within the CeCu6 type structure shows an apparent correlation with the anion size.
Chemical compression, hence, a change in cell volume, which occurs upon anion substitution appears to be
the main driving force for the change of magnetic ordering. While EuAg5In shows antiferromagnetic behavior
at low temperatures, mixing Cu and Au within the same type of structure results in considerable changes in
the magnetism. The Eu(Cu,Au)5In alloys with CeCu6 structure show complex magnetic behaviors and strong
magnetic field-induced spin-reorientation transition with the critical field of the transition being dependent
on Cu/Au ratio. The alloys adopting the YbMo2Al4 type structure are ferromagnets exhibiting unusually high
magnetic moments. The heat capacity of EuAu2.66Cu2.34In reveals a double-peak structure evolving with the
magnetic field. However, low-temperature X-ray powder diffraction does not show a structural transition.
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Controlling Magnetism via Transition Metal Exchange in the 
Series of Intermetallics Eu(T1,T2)5In (T = Cu, Ag, Au) 
Volodymyr Smetana,a Yaroslav Mudryk,b Vitalij K. Pecharsky,b,c Anja-Verena Mudring*, a 
 
Three series of intermetallic compounds Eu(T1,T2)5In (T = Cu, Ag, Au) have been investigated 
in full compositional ranges. Single crystals of all compounds have been obtained by self-flux and were 
analyzed by single X-ray diffraction revealing the representatives to fall into two structure types: CeCu6 
(oP28, Pnma, a = 8.832(3)–9.121(2) Å, b = 5.306(2)–5.645(1) Å, c = 11.059(4)–11.437(3) Å, V = 
518.3(3)–588.9(2) Å3) and YbMo2Al4 (tI14, I4/mmm, a = 5.417(3)–5.508(1) Å, c = 7.139(2)– 7.199(2) Å, 
V = 276.1(2)–285.8(1) Å3). The structural preference was found to depend on the cation/anion size ratio, 
while the positional preference within the CeCu6 type structure shows an apparent correlation with the 
anion size. Chemical compression, hence, a change in cell volume, which occurs upon anion substitution 
appears to be the main driving force for the change of magnetic ordering. While EuAg5In shows 
antiferromagnetic behavior at low temperatures, mixing Cu and Au within the same type of structure 
results in considerable changes in the magnetism. The Eu(Cu,Au)5In alloys with CeCu6 structure show 
complex magnetic behaviors and strong magnetic field-induced spin-reorientation transition with the 
critical field of the transition being dependent on Cu/Au ratio. The alloys adopting the YbMo2Al4 type 
structure are ferromagnets exhibiting unusually high magnetic moments. The heat capacity of 
EuAu2.66Cu2.34In reveals a double-peak structure evolving with the magnetic field. However, low-
temperature X-ray powder diffraction does not show a structural transition. 
 
Introduction 
Identification of the compositional and structural 
preferences in polar intermetallics opens a road range of possibilities 
for the controlled modification of their physical properties. From this 
point of view compounds of gold and post transition elements with 
rare earth elements are very promising as they combine strong 
electronic correlations with relativistic effects allowing for fine-
tuning of the crystal and electronic structure through doping by a third 
element. These ternary systems demonstrate rich crystallography, 
exceptional physical properties, and unique bonding characteristics;1 
however, many of them are still poorly investigated and understood. 
Compared to other active metals, systems with rare earth elements are 
the least investigated with respect to their physical properties, albeit 
being probably the most interesting. Within this compound family, 
representatives with europium are particularly interesting because of 
the element’s ability to adopt both +II and +III oxidation states as well 
as intermediate between +II and +III and, consequently, form 
compounds analogous to either rare earth or alkaline earth metals.2-4 
As a result, Eu intermetallics present both the diverse structural 
chemistry and fascinating magnetic properties. Interestingly both, 
chemical and physical pressure, have a considerable influence on the 
oxidation state of Eu and, hence, on the magnetic properties of Eu-
containing compounds.5,6 In this context, the far-from-trivial question 
is how a partial substitution of a few similar non-magnetic elements 
will affect  both the crystal structures and the magnetic ordering of 
europium within a given structure type, especially, if the oxidation 
state of Eu remains unaffected. For rare earth systems such as 
Gd5(SixGe1-x) it is known that the variation of the non-magnetic 
elements ratio has a tremendous effect on the physical behavior where 
x is an effective control parameter for tuning extreme 
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magnetoresponsive behavior (including the giant magnetocaloric 
effect) between 20 and 290 K.7,8 It is, therefore, quite probable that 
similar effects will be discovered in other rare-earths systems 
including those with Eu. 
Though the number of known representatives of the CeCu6 
structure type is limited9 a preliminary analysis indicates that the clear 
majority of the reported compounds contain copper as the main 
component, including all binary compounds, while rather unique and 
exclusively ternary representatives exist with a few other transition 
metals – iron,10 nickel11 and gold.12 It has also been shown that despite 
the rather small size of copper atoms a variety of substitutions is 
possible, including other transition as well as post-transition elements, 
opening a good possibility for controlled modification of the physical 
properties via chemical substitutions. For a long time only the 
representatives with tri- and tetravalent cations were known until the 
recent discovery of the CeCu6 structure in the Sr–Au–In system12 
revealing the great importance of the counter-ion size for the structure 
formation along with the electronic restrictions. Introduction of 
expectedly divalent europium into the system has been successful 
only with large corresponding isoelectronic partners – silver and gold. 
In this study, we focus on a series of gold- and silver-rich solid 
solutions Eu(T1,T2)5In (T = Cu, Ag, Au), investigate the possibility 
of the elements’ mutual substitutions in connection with the structural 
stability, and the effects of resulting chemical compression on the 
magnetic properties of europium alloys. 
Results and discussion 
A number of intermetallic solid solutions Eu(T1,T2)5In with various 
combinations of the group 11 elements have been obtained and 
structurally characterized. These quaternary compounds were found 
to crystallize in two different structure types, CeCu6 and YbMo2Al4, 
earlier reported for two ternary compounds – orthorhombic EuAg5In13 
and tetragonal EuAu5In,13 respectively, with the size factor (the 
average transition metal radius) being the main driving force for the 
structural preference. The orthorhombic Eu(T1,T2)5In is represented 
by T1,T2 = Cu,Ag; Cu,Au and Ag,Au (oP28, Pnma, a = 8.832(3)–
9.121(2) Å, b = 5.306(2)–5.645(1) Å, c = 11.059(4)– 11.437(3) Å), 
Table 1. Details of the single crystal X-ray measurements and data collection of Eu(T1,T2)5In. 
Emp. Form. EuAu2.66Cu2.34In EuAu0.85Ag4.15In EuAg3.21Cu1.79In EuAu1.77Ag3.23In EuAu4.61Cu0.39In 
Form. Wt. 939.73 882.08 726.89 963.79 1199.85 
Space group Pnma Pnma Pnma I4/mmm I4/mmm 
a, Å 8.832(3) 9.077(2) 8.899(1) 7.199(2) 7.139(2) 
b, Å 5.306(2) 5.637(1) 5.3795(8)   
c, Å 11.059(4) 11.382(2) 11.266(1) 5.508(2) 5.417(3) 
Volume, Å3 518.3(3) 582.4(2) 539.4(1) 285.4(2) 276.1(2) 
Z 4 4 4 2 2 
Density (calculated), g/cm3 12.044 10.060 8.952 11.214 14.433 
µ, mm-1 100.58 49.373 33.803 70.767 138.64 
F(000) 1560 1497 1259 807 975 
θ range, ° 2.95 to 32.42 2.87 to 30.0 2.92 to 27.9 4.00 to 37.61 4.72 to 31.89 
Index ranges 
−13 ≤ h ≤ 12 
–7 ≤ k ≤ 7 
−16 ≤ l ≤ 9 
−12 ≤ h ≤ 12 
−7 ≤ k ≤ 7 
−16 ≤ l ≤ 15 
−11 ≤ h ≤ 11 
−7 ≤ k ≤ 7 
−14 ≤ l ≤ 14 
−12 ≤ h ≤ 12 
−10 ≤ k ≤ 9 
−9 ≤ l ≤ 9 
−5 ≤ h ≤ 10 
−10 ≤ k ≤ 6 
−7 ≤ l ≤ 7 
Reflections collected  4149 5098 7443 2390 990 
Independent reflections 968 923 709 249 158 
Refinement method Full-matrix least-squares on F2 
Data/restraints/parameters 968 / 0 / 44 923 / 0 / 44 709 / 0 /44 249 / 0 / 11 158 / 0 / 11 
Goodness-of-fit on F2 0.95 1.26 1.03 1.14 1.19 
Final R indices [I>2σ(I)]a R1 = 0.042,  
wR2= 0.089 
R1 = 0.034,  
wR2= 0.063 
R1 = 0.035,  
wR2= 0.086 
R1 = 0.035,  
wR2= 0.058 
R1 = 0.034,  
wR2= 0.075 
R indices (all data) R1= 0.058,  
wR2= 0.096 
R1= 0.044,  
wR2= 0.065 
R1= 0.048,  
wR2= 0.090 
R1= 0.050,  
wR2= 0.062 
R1= 0.037,  
wR2= 0.076 
Rint 0.069 0.038 0.084 0.071 0.040 
Largest diff. peak and hole, 
e–/Å3 
4.18 and −3.03 1.65 and −3.42 1.99 and −2.20 3.85 and −2.43 2.41 and −4.53 
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while the tetragonal only by T1,T2 = Ag,Au and Cu,Au with different 
T1:T2 ratios (tI14, I4/mmm, a = 5.417(3)–5.508(1) Å, c = 7.139(2)– 
7.199(2) Å). 
 
Figure 1. Tetrahedral network in the crystal structure of EuAu3.94Cu1.06In. Eu 
atoms are marked green, indium – blue, gold – orange, and mixed Au/Cu – 
yellow. 
 
Figure 2. Eu@(Au,Cu,In)20 in the crystal structure of EuAu4.61Cu0.39In. Eu 
atoms are marked green, gold – orange and mixed Au/Cu/In – lavender. 
Considerations on the structural stability, site preferences and 
bonding. Eu(AuxCu1-x)5In (x  0.5–0.9) alloys belong to the CeCu6 
structure type,14 where Eu occupies the position of Ce, and In holds 
one of the 4c positions of Cu. Though in general this structure type is 
not rare,9 there is a limited number of Au representatives reported to 
date – SrAu4.3In1.712 and CeCu5+xAu1-x.15-17 The chemistry of Ag in 
this structure type is also restricted to two  representatives – EuAg5In13 
and the solid solution CeCu6-xAgx, (x < 1).18 The solid solubility of 
Cu in EuAg5In [Eu(AgxCu1-x)5In] reaches ~40%, while the solid 
solubility of Au in EuAg5In [Eu(AgxAu1-x)5In] within the CeCu6 type 
of structure does not exceed 20% due to higher stability of the 
competing YbMo2Al4 type.19 It is worth noting that if no post 
transition element is present in the structure, then the corresponding 
4c site (otherwise occupied by the post transition element) is the 
highly preferable one to be occupied by another group 11 element 
forming the solid solution.15,16 In addition to this special (post 
transition element) 4c position there is an evident site preference 
throughout the structure (Table 3). Since a clear differentiation of the 
In and Au/Cu sites for almost all structures by X-ray diffraction in the 
absence of strong anomalous scattering is rather challenging due to 
similar sizes and atomic scattering functions,20,21 the results of the 
experimental observations have been further examined with the DFT-
based calculations in order to estimate the lowest total energy within 
the possible options (Table 4). Even in compositions with its minor 
content, Au always tries to occupy the M2 and M4 sites, while the 
most probable option for Cu/Ag are the M1 and M3 sites. Another 
important outcome of the total energies comparison is the highly 
unfavorable occupation of the In site by any other element and more 
probable mixing of In with Au and Cu.  
Surprisingly, the crystal structure of the extended solid 
solution Eu(AuxCu1-x)5In (I, x  0.5–0.9) belongs to the CeCu6-type 
like that of EuAg5In.13 Since the latter was discussed in detail in a 
previous work,13 we mainly focus here on the changes due to an 
involvement of the fourth element and try to find structural stability 
ranges for those substitutions. The structure of Eu(AuxCu1-x)5In (I, x 
 0.5–0.9) is best described in terms of polytetrahedral motifs of face- 
and vertex-sharing units (Figure 1) including single (Au,Cu,In) 
tetrahedra and face-sharing boat-like (Au,Cu) trimers showing some 
tendency for Au site preference. From the polyhedral point of view 
mixed Au/Cu positions stay in the centers of the trimers forming a 
chain, while pure gold sites together with In positions act as interchain 
connectors. Clear Au/(Au,Cu) alteration of zigzag-like slabs can be 
seen along the c direction, where the pure Au slabs include and 
connect the Eu positions. The intraslab Eu distances are significantly 
shorter comparing interslab ones separated by mixed Au/Cu and In 
sites. The coordination sphere of Eu shows a higher proportion of In 
than the average in compound – four out of nineteen, while In is also 
surrounded by four Eu atoms indicating a strong affinity of these  
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elements to each other. Au and mixed Au/Cu positions exhibit slightly 
different quantity and quality of neighbors ranging from 11 to 12, but 
all of them contain three Eu atoms in the first coordination sphere. 
The analysis of the bond distribution within the structure 
revealed a few interesting facts. All bonds involving just the mixed 
Au/Cu positions are located in the lower range, 2.64–2.77 Å, partially 
involving the mixed positions – 2.72–2.94 Å and the pure Au–Au 
contacts are the longest – 3.12–3.53 Å in good agreement with the 
smaller size of Cu compared to Au. Since the atomic radii of Au and 
Ag are comparable, partial involvement of much smaller Cu leads to 
a noticeable distance decrease. Thus, all values are generally lower 
than the corresponding Ag–Ag distances in EuAg5In. While the 
majority of Au/Cu–In distances are in the expected range 2.92–2.96 
Å one unique Au–In contact, 2.7039(8) Å is even shorter than the sum 
of the respective covalent radii and 0.07 Å shorter than the 
corresponding Ag–In contact in EuAg5In. Such a significant bond 
contraction may indicate a strong covalent bonding with evident 
Table 2. Atomic positions and equivalent anisotropic displacement parameters for the selected representatives of Eu(T1,T2)5In. 
Atom Position x y z Ueq, Å2 SOF ≠ 1 
EuAg3.21Cu1.79In (Pnma, CeCu6 type) 
Eu1 4c 0.24234(8) ¼ 0.56169(6) 0.0216(3)  
Ag1/Cu1 8d 0.4345(1) 0.5048(2) 0.30617(8) 0.0224(4) 0.35/0.65 
Ag2 4c 0.4432(1) ¼ 0.09110(9) 0.0266(3)  
Ag3/Cu3 4c 0.1858(1) ¼ 0.2495(1) 0.0216(5) 0.63/0.37 
Ag4/Cu4 4c 0.0869(1) ¼ 0.0150(1) 0.0233(5) 0.88/0.12 
In1 4c 0.3537(1) ¼ 0.85434(8) 0.0217(3)  
EuAu4.61Cu0.39In (I4/mmm, YbMo2Al4 type) 
Eu1 2a 0 0 0 0.0083(5)  
Au1 8h 0.19440(9) 0.19440(9) 0 0.0104(3)  
Au2 4d 0 ½ ¼ 0.0113(7) 0.31(1) 
Cu2 4d 0 ½ ¼ 0.0113(7) 0.19(1) 
In2 4d 0 ½ ¼ 0.0113(7) 0.5 
Table 3. Unit cell parameters and T fraction in the CeCu6 type series Eu(T1,T2)5In. 
Compound a b c M1 M2 M3 M4 T1 
EuAg5In 9.121(2) 5.645(1) 11.437(3) 0 0 0 0 – 
EuAu0.85Ag4.15In 9.077(2) 5.637(1) 11.382(2) 0.04 0.47 0.03 0.29 Au 
EuAu2.66Cu2.34In 8.832(3) 5.306(2) 11.059(4) 0.86 0 0.53 0.09 Cu 
EuAu3.03Cu1.97In 8.859(1) 5.3061(6) 11.067(1) 0.76 0 0.40 0.05 Cu 
EuAu3.94Cu1.06In 8.9764(3) 5.4247(2) 11.1792(4) 0.47 0 0.12 0 Cu 
EuAg3.31Cu1.69In 8.9113(7) 5.3870(5) 11.2599(8) 0.61 0 0.35 0.11 Cu 
EuAg3.21Cu1.79In 8.900(1) 5.3795(8) 11.266(1) 0.65 0 0.37 0.12 Cu 
EuAg3.09Cu1.91In 8.883(2) 5.393(1) 11.243(2) 0.71 0 0.41 0.07 Cu 
Table 4. Site occupation and total energies for the ordered 
EuAu4CuIn structures based on the CuCu6 type packing. 
In M1 M2 M3 M4 E(eV) 
In Au/Cu* Au Au Au 0.00 
In Au Cu Au Au 1.23 
In Au Au Cu Au 0.28 
In Au Au Au Cu 2.45 
Cu In/Au Au Au Au 0.44 
Au In/Cu Au Au Au 0.66 
Au Au/Cu In Au Au 1.58 
Au Au/Cu Au In Au 1.15 
Au Au/Cu Au Au In 1.42 
* – the coloring scheme with the maximal number of Au/Cu 
heteroatomic bonds have been selected. 
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influence of relativistic effects of Au. Additional factor, which makes 
that contraction possible is a low bond saturation as was considered in 
details for Na8Au9.8Ga7.2.22 Being surrounded by three electron donors 
(Eu atoms) the Au–In bond is in favorable situation comparing to 
isotypical but longer neighbors. While Eu–Au contacts are in 
reasonable range of 3.11–3.31 Å, Eu–Au/Cu and Eu–In pairs are 
better separated – 3.42–3.64 Å, again indicating a higher degree of 
covalent interactions involving Au. 
Both Eu(AuxCu1-x)5In and Eu(AuxAg1-x)5In also allow for the 
formation of the YbMo2Al4 type of structure (Figure2) in analogy with 
the several known aurides,23-26 and the size factor being the main 
stability criterion in this case. The formation of the YbMo2Al4 type in 
the above-mentioned systems is very restricted for involvement of Cu 
but significantly broader for the Ag-containing representatives 
covering ~80% of the solid solution. An addition of Cu leads to the 
contraction of the unit cell (up to 1.4% or 0.18%/%Cu Table 5), while 
Ag doping insignificantly expands the unit cell (1.9% or 0.03%/%Ag). 
These numbers are in good agreement with a visible size difference 
between Cu and Ag with respect to Au and may explain why no solid 
solubility of Ag or Au has been detected in the ternary EuCu5In. 
Analogous to the tendency already observed in the CeCu6 type 
compounds a strong site preference has been detected also for the 
YbMo2Al4 representatives; however, this preference is different for 
the Ag and Cu containing compounds. Due to high symmetry, the 
latter accommodate three different elements in one crystallographic 
position, which, taking into account low miscibility of Cu and In, is 
probably the main reason of the very narrow range of the solid 
solution in this structure type. 
Magnetic properties. Considering the effect that chemical 
substitutions have on the crystallography one can expect the 
modification of magnetic properties as well. The rare earth magnetism 
is typically underpinned by Ruderman-Kittel-Kasuya-Yosida 
(RKKY) type interactions, employing conduction electrons to 
promote 4f exchange. The RKKY is sensitive to interatomic distances 
so an evolution of magnetic behaviors is expected during isostructural 
lattice contraction/expansion. Obviously, the change of crystal 
structure has even a larger impact on the physical properties both due 
to a change in symmetry and nearest neighbor environment.13 
The measurements of magnetic properties of the EuT5-xCuxIn alloys (x 
= 0, 0.25, 1, 2, 2.5, and 5) shows that substitution of Cu by Au leads 
to the evolution of magnetic structure. However, the change in 
properties is not linear, which is consistent with the existence of three 
different crystal structures in the EuT5-xCuxIn system. The alloys with 
the CeCu6 structure show a clear multi-step dependence of 
magnetization as a function of applied magnetic field at 2 K which 
evolves with x: the value of initial magnetization jump, M1, the critical 
field at which the second step occurs, Hcr, and overall shape of the 
M(H) curve are clearly dependent on the Cu/Au ratio. 
EuAu2.66Cu2.34In. As mentioned above there is no solid solubility of 
Au in EuCu5In, so EuAu2.66Cu2.34In is the quaternary alloy with 
highest Cu concentration in the Eu(AuxCu1-x)5In system. Our previous 
work showed that the magnetic behavior of EuCu5In is quite complex 
in comparison to EuAu5In. The current study of EuAu2.66Cu2.34In 
shows that its magnetic properties are even more fascinating than 
those of the parent alloys. The low-field (H = 100 Oe) magnetization 
of this alloy (Figure 3) measured as a function of temperature in zero-
field cooled warming (ZFC), field cooling (FC), and field-cooled 
warming (FCW) regimes reveals several interesting features such as 
sharp first-order-like ferromagnetic transition at ~8 K accompanied 
by thermal hysteresis and thermomagnetic irreversibility below TC 
between ZFC and FC/FCW curves. The Curie-Weiss fit of the 
paramagnetic region supports the ferromagnetic ground state of this 
alloy with positive θp = 6 K. The effective paramagnetic moment, peff 
= 8.24 μB/f.u., is slightly larger than theoretical 7.94 μB/Eu2+ and 
confirms the divalent state of Eu in EuAu2.66Cu2.34In (Figure 4). 
However, the M(T) data measured in higher constant magnetic fields, 
H≤40 kOe (Figure 5), indicate that the ground state is anything
Table 5. Unit cell parameters and T fractions in the YbMo2Al4 type series Eu(T1,T2)5In. 
Eu(Au,T)5In a c M2(Au/T) M3((Au/T)/In) T 
EuAu1.97Ag3.03In 7.199(2) 5.508(1) 0.44/0.56 (0.5/0)/0.5 Ag 
EuAu2.61Ag2.39In 7.1887(3) 5.4762(5) 0.65/0.35 (0.5/0)/0.5 Ag 
EuAu4.61Cu0.39In 7.139(2) 5.417(3) 1/0 (0.31/0.19)/0.5 Cu 
EuAu5In 7.1740(3) 5.4425(3) 1/0 (0.5/0)/0.5 – 
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Figure 3. Temperature dependence of magnetization measured for 
EuAu2.66Cu2.34In sample in 100 Oe applied magnetic field using ZFC, FC, and 
FCW protocols. 
but a simple ferromagnet. The thermomagnetic irreversibility 
suggestive of a first-order transition in 100 Oe field narrows down 
with increasing H and is no longer observed in 20 and 30 kOe data. 
Interestingly the ferromagnetic (FM) ordering observed in most 
measured magnetic fields appears to be antiferromagnetic (AFM) with 
a characteristic peak that shifts to lower temperature, from 12 to 10 K, 
in magnetic fields of 20 and 30 kOe. When magnetic field is further 
increased to 40 kOe, the sample again behaves as ferromagnet. 
 
Figure 4. Linear (high-temperature) part of the inverse molar susceptibility 
measured for the EuAu2.66Cu2.34In sample in 10 kOe applied field. The solid 
red line is Curie-Weiss fit of the data. 
Furthermore, in magnetic fields H ≤ 10 kOe (Figure 5a) the low-
temperature FM transition shifts towards higher temperature with 
increasing field, yet the temperature of the onset of thermal hysteresis 
appears to be nearly constant at 12 K. This agrees very well with the 
heat capacity data (see below and Figure 12) where the low-
temperature transition shifts upward with field and the high-
temperature (magnetic ordering) peak is field-independent up to 20 
kOe. Thus, the magnetic ordering is presumably ferromagnetic but a 
significant AFM component is present below the ordering temperature 
and exists until a critical field (~40 kOe) of spin-flop is reached. 
Somewhat surprisingly the narrow hysteresis is still observed in high 
fields even though the transition appears to be second-order. 
 
Figure 5. Temperature dependence of magnetization measured for 
EuAu2.66Cu2.34In in applied magnetic fields from (a) 0.1 kOe to 10 kOe and (b) 
from 20 to 40 kOe on heating after zero field cooling and cooling.  
 
Figure 6. Magnetization of EuAu2.66Cu2.34In measured as a function of applied 
magnetic field at 2, 5, and 10 K. 
In order to get better understanding of this puzzling behavior, several 
isothermal magnetization curves [M(H)] were measured from 0 to 70 
kOe, namely at 2, 5, and 10 K (Figure 6). Data at all temperatures 
were collected both on magnetization and demagnetization, but for 5 
and 10 K the field up and down curves overlap, so both curves are 
shown for 2 K only. The M(H) curves show two-step increase of 
magnetization, which saturates slightly above 7 μB/f.u. at high 
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magnetic fields. The 2 and 5 K data are similar – the rapid initial 
increase of magnetization up to ~2.7 μB/f.u. in low magnetic field is 
followed by another, larger, step at 36 kOe. These data confirm the 
above interpretation of EuAu2.66Cu2.34In magnetism at low 
temperatures. Namely, below TC the ferromagnetic-like domains form 
in EuAu2.66Cu2.34In but the Eu moments are strongly canted due to a 
sizeable antiferromagnetic component, also responsible for the 
decrease of ordering temperature with H. However, the magnetic 
order itself is not antiferromagnetic as there is no linear region in the 
M(H) data that is indicative of the AFM behavior. The possibility of 
ferrimagnetic ordering can be excluded here because there is only one 
Eu position in the CeCu6 crystal structure and Cu, In, and Au atoms 
are non-magnetic. Higher magnetic field (35 kOe) forces Eu moments 
to orient along the field direction and a fully collinear ferromagnetic 
structure is formed. 
 
Figure 7. Temperature-dependent magnetization measurements of the 
EuAu3.03Cu1.97In compound: a) ZFC, FC, and FCW data collected between 2 
and 30 K in 100 Oe applied magnetic field; b) ZFC and FC data measured in 
10, 30, and 40 kOe fields (shown in the 2-30 K interval); c) FC and FCW 
measurements performed in 1 kOe field; and d) Curie-Weiss fit of the inverse 
magnetic susceptibility measured in 10 kOe magnetic field. 
The magnetization steps at 10 K are significantly broader as the 
material is on the edge of paramagnetic state, but it is interesting to 
note that the second magnetization step begins at lower critical field 
(around 20 kOe); this critical field is also slightly lower for 5 K 
compared to the 2 K data. Such shift indicates that the stability of the 
non-collinear magnetic structure decreases with increasing 
temperature. The M(H) data measured at 2 K show a notable 
hysteresis at the second transition, which is not observed at 5 and 10 
K. The nature of such hysteresis is quite intriguing also it may not be 
related to the structural transformation (see temperature-dependent 
XRD below). 
EuAu3.03Cu1.97In and EuAu3.94Cu1.06In. The increase in Au/Cu ratio 
gradually affects the magnetic behavior within the CeCu6-type 
structural stability range. The magnetic properties of the 
EuAu3.03Cu1.97In are summarized in Figures 7 and 8. While it is clear 
that the basic magnetism is similar to the one of EuAu2.66Cu2.34In, 
some moderate changes are observed. For example, the hysteresis at 
TC, quite substantial in low-field measurements in EuAu2.66Cu2.34In,  
is practically absent in EuAu3.03Cu1.97In, despite a small discrepancy 
between the cooling and heating curves at 8 K (Figure 7a). A very 
narrow hysteresis is observed in 1 kOe (Figure 7c) and 40 kOe (Figure 
7b) fields, but not at 10 and 30 kOe, similarly to EuAu2.66Cu2.34In. The 
effective magnetic moment, 8.04 μB/f.u. (Figure 7d), is slightly above 
the theoretical 7.94 μB/Eu2+ value while the θp = 5 K is positive but 
slightly lower than 6 K value of the Cu-rich sample. It may be 
tempting to dismiss the 1 K difference in θp as statistically 
insignificant, however, in the gold-rich alloy with CeCu6 structure, 
EuAu3.94Cu1.06In (Figure 9a), θp is further down at 3 K.  
 
Figure 8. Isothermal magnetization of EuAu3.03Cu1.97In compound measured 
during both magnetization and demagnetization at 2, 5, 8, and 11 K. 
At first, this finding may appear as counterintuitive, considering that 
the ternary EuAu5In is a typical ferromagnet, while EuCu5In has a 
significant AFM component. At the same time, it is important to 
remember that the quaternary Eu(AuxCu1-x)5In solid solution alloys 
have different crystal structure than their parent ternaries and that 
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physical properties in this, or, in principle, any other system are 
dependent on the alloy structure. Thus, the decrease of ferromagnetic 
interactions within the CeCu6 type solid solution, manifested by the 
lower θp, is completely reasonable and almost certainly caused by the 
lattice expansion due to the increase of Au concentration at the 
expense of Cu. 
 
Figure 9. Temperature-dependent magnetization measurements of the 
EuAu3.94Cu1.06In compound: a) ZFC data collected between 2 and 300 K in 1 
kOe applied magnetic field, the Curie-Weiss fit of the inverse magnetic 
susceptibility is shown in the inset; b) ZFC and FC data measured in 10 and 40 
kOe fields (shown in the 2-30 K temperature interval). 
 
Figure 10. Isothermal magnetization of EuAu3.94Cu1.06In compound measured 
during both magnetization and demagnetization at 2, 5, and 8 K. 
The isothermal magnetization of EuAu3.03Cu1.97In shows the same 
two-step field dependence as EuAu2.66Cu2.34In (Figure 8). However, 
two notable differences can be observed. First, the critical field of the 
second step is slightly lower (Hcr = 30 kOe), and a narrow hysteresis 
is observed practically at all measured temperatures, especially at 11 
K. Second, the overall magnetization appears to be lower, both at the 
first plateau (~2 μB/f.u.), and at higher fields. There is no clear 
tendency to saturation and magnetization continues to increase almost 
linearly with field after the metamagnetic transition. In fact, the full 
saturation, 7 μB/f.u., is not reached even at 70 kOe field. This indicates 
the tendency of the magnetic structure to retain non-collinearity even 
after field-induced spin-reorientation transition. Apparently, in 
EuAu3.94Cu1.06In the difference between low-field and high-field 
structures further diminishes as the critical field decreases to 16 kOe, 
and the magnetization continues to increase after the transition (Figure 
10). However, somewhat surprisingly, for EuAu3.94Cu1.06In the 
magnetic moment at high-field is closer to the fully saturated value of 
7 μB/f.u than for the EuAu3.03Cu1.97In.  
 
Figure 11. a) Temperature dependence of magnetization measured in 1 kOe 
magnetic field for the EuAu4.61Cu0.39In (Curie-Weiss plot of inverse 
susceptibility is shown in the inset); b) Isothermal magnetization of the 
EuAu4.61Cu0.39In compound measured at 2 K. 
EuAu4.61Cu0.39In. Unlike the above discussed Eu(AuxCu1-x)5In 
compounds with the CeCu6 structure, EuAu4.61Cu0.39In is an alloy 
from the EuAu5-xCuxIn solid solution which crystallizes in the same 
YbMo2Al4 crystal structure similar to the ternary EuAu5In. As such its 
magnetic properties are similar to those of EuAu5In: it is a rather 
simple ferromagnetic material ordering at 14 K. Similarly to EuAu5In, 
the measured magnetic moments, both effective and saturation, are 
rather high: peff = 8.6 μB/f.u. and μs = 7.8 μB/f.u (Figure 11). The shape 
of the M(H) curve is somewhat unusual as the magnetization at 2 K 
saturates slowly and is not reaching the saturation until H>50 kOe. 
Heat Capacity and Temperature-Dependent XRD of 
EuAu2.66Cu2.34In. The heat capacity of EuAu2.66Cu2.34In was 
measured using Quantum Design PPMS from 2 to 50 K in 0, 5, 10, 
20, and 50 kOe applied magnetic fields (Figure 12, the range from 40 
to 50 K is omitted for clarity). The zero- and low-field data show a 
clear -type transition at 12 K followed by a much broader anomaly 
at slightly lower temperature. These results are unexpected because 
the 100 Oe magnetization data show the ordering transition to be near 
8 K, which in the heat capacity data corresponds to a broad hump just 
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below the main transition. The temperature of the main heat capacity 
 
Figure 12. Heat Capacity of EuAu2.66Cu2.34In compound measured in 0, 5, 10, 
20, and 50 kOe applied magnetic fields. 
transition is clearly field independent up to 20 kOe, and its intensity 
actually increases with the field increase. At the same time, the 
second, weaker anomaly moves toward the higher temperatures with 
applied field and both transitions appear to be coupled at 10 and 20 
kOe. It is worthwhile to note that the magnetic and heat capacity peaks 
match in 20 kOe field at 12 K. One may speculate that the high-
temperature transition is structural, or at least related to the lattice 
change with the low temperature transition has magnetic origin. The 
 
Figure 13. Temperature dependence of the relative change in lattice 
dimensions (thermal contraction) normalized to the corresponding room 
temperature values for EuAu2.66Cu2.34In. X-ray patterns were collected at 6, 11, 
20, 50, 100, 150, 200, and 294 K. 
temperature-dependent PXRD performed in zero field partially 
supports this suggestion (Figure 13). Even though the crystal structure 
of EuAu2.66Cu2.34In is the same CeCu6-type structure down to 6 K, 
there is a clear anomaly in unit-cell volume at 11 K (Figure 13), which 
coincides with the heat capacity peak (Figure 12). It is possible that 
the minor lattice expansion occurs in accord with onset of canted 
ferromagnetic order. In higher magnetic field of 50 kOe heat capacity 
behavior considerably changes and becomes indicative of a typical 
second-order magnetic transformation. The transition becomes very 
broad, in accordance with the 40 kOe M(T) data (Figure 5b) and the 
transition temperature is difficult to identify unambiguously from the 
heat capacity data. 
Experimental 
Syntheses. Copper (99.99 wt.%, Alfa Aesar), silver (99.99 
wt.%, Alfa Aesar) and gold (99.999 wt.%, BASF) pieces, europium 
(99.9+ at.%, MPC, Ames Laboratory) and indium ingots (99.999 
wt.% Alfa Aesar) were used as starting materials for all preparations. 
Weighed amounts of the elements were enclosed in tantalum tubes in 
an argon-filled glove box (O2 < 1 ppm, H2O < 0.1 ppm) and then 
sealed into evacuated silica ampules. Stoichiometric mixtures of 
Eu(T1,T2)5In (T = Cu, Ag, Au) of 300–500 mg total were pre-reacted 
at 900 °C for 12h, cooled to 600 °C at a rate of 20 °Ch–1, annealed for 
5–7 days and cooled to room temperature by switching off the furnace. 
Depending on the composition, the products appeared silver (Ag rich) 
or yellowish (Cu and Au rich) with metallic luster, and remained 
stable against exposure to air and moisture for at least a few months. 
X-ray Diffraction Studies. The phase purities of the 
products were checked using powder X-ray diffraction data (PXRD), 
which were collected on STOE STADI P (Stoe & Cie, Darmstadt, 
Germany; area detector; Cu-Kα1 radiation, λ = 1.54059 Å) and 
PANalytical X’Pert Pro (PANalytical, The Netherlands; strip 
detector, Cu-Kα1 radiation, λ = 1.54059 Å) diffractometers at room 
temperature. For the measurements, powders of the products were 
dispersed on Mylar sheets, which were placed between two split Al 
rings (STOE) or dusted on zero background Si single crystal sample 
holder (PANalytical). An external silicon standard was used for an 
accurate determination of the lattice parameters. The WinXPow 
software package27 was employed for the handling of the raw powder 
X-ray intensity data sets and the phase analyses of the samples. 
The crystal structure solutions of all compounds have been 
obtained from single crystal X-ray intensity data, which were 
measured on an D8 Venture diffractometer (Bruker Inc., Madison, 
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USA; Mo-Kα radiation; λ = 0.71073 Å, Photon 100 CMOS detector). 
Data have been collected in φ- and ω-scan modes with exposures of 
1–5 s per frame at room temperature (~296 K). The crystals (20–50 
µm) were selected from the bulk samples and mounted on glass fibers. 
The preliminary quality testing has been performed on a set of 48 
frames. The raw frame data were collected using the Bruker APEX3 
program,28 while the frames were integrated with the Bruker SAINT 
software package28 using a narrow-frame algorithm integration of the 
data and were corrected for absorption effects using the multi-scan 
method (SADABS).29 Initial models of the crystal structures were first 
obtained with the program SHELXT-201430 and refined using the 
program SHELXL-201431 within the APEX3 software package. Table 
1 contains details of the single crystal X-ray measurements and results 
of the refinements of selected samples while atomic positions and 
equivalent anisotropic displacement parameters of all compounds are 
listed in Table 2. Further details of the single crystal structure 
investigations may be obtained from the Fachinformationszentrum 
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (Fax: +49-
7247-808-666; E-mail: crysdata@fiz-karlsruhe.de for deposited data) 
on quoting the depository numbers 433431–433440 or via 
www.ccdc.cam.ac.uk/data_request/cif, or by emailing 
data_request@ccdc.cam.ac.uk, or by contacting The Cambridge 
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, 
UK; fax: +44 1223 336033 on quoting the depository numbers 
1566146–1566155. 
Computational details. Electronic structure calculations have been 
performed employing density functional theory (DFT)-based 
methods. Full structural optimizations were performed with the 
projector augmented wave (PAW) method of Blöchl32 integrated in 
the Vienna ab initio simulation package (VASP).33-37 Correlation and 
exchange were described by the generalized gradient approximation 
of Perdew, Burke and Ernzerhof (GGA−PBE).38 The energy cutoff of 
the plane wave basis set was 500 eV, while the first Brillouin zones 
were sampled by starting meshes of 4 × 4 × 4 up to 7 × 7 × 7 k-points. 
Full structural optimizations were assumed completed when the 
energy difference between two subsequent iterative steps was below 
10-6 eV/cell. The site preference of the transition metals in the solid 
solution Eu(Cu,Au)5In with the CeCe6 type has been established 
through the analysis of total energies after full structural and 
positional optimizations. For a given composition Cu atoms have been 
assigned to each site independently and the total energy has been 
calculated. All In atoms have been assigned solely to one 4c position 
for all Au/Cu ratios as explained in our previous work.13 
Physical Properties Measurements. Magnetic measurements were 
performed by means of a Magnetic Property Measurement System 
(MPMS, Quantum Design, San Diego, USA) on powder samples with 
approx. mass of 10-20 mg, which were fixed inside of glass capillaries 
with 2 mm diameter. The contribution of the latter can be neglected 
due to its weakly diamagnetic signal. The magnetic measurements 
were performed in the temperature range 2-300 K and in applied 
magnetic fields as high as 70 kOe. The heat capacity measurements 
were carried out for EuAu2.66Cu2.34In composition on the Quantum 
Design Physical Property Measurement System (PPMS, Quantum 
Design, San Diego, USA) in applied magnetic fields up to 50 kOe. 
The low-temperature crystal structure of the same composition was 
studied between 6 and 294 K using the in situ temperature-dependent 
X-ray powder diffraction setup.39 
Conclusions 
Extensive solid solutions EuT5In crystallizing with the 
CeCu6 type of structure (Eu(AuxCu1-x)5In, x  0.5–0.9; Eu(AgxCu1-
x)5In, x  0.6–1; and Eu(AgxAu1-x)5In, x  0.8–1) have been prepared 
and characterized. The combination of X-ray structure analysis, 
computational studies and magnetization measurements revealed 
strong structural preference based on the atomic size, positional 
irreplaceability for certain element types and dependence of physical 
properties within a given type on the T2/T1 ratio. The alloys with the 
CeCu6 structure show interesting magnetic behavior with a presence 
of a canted magnetic structure in low magnetic fields changing to 
collinear ferromagnetism at high magnetic fields. Such magnetism 
manifests itself via clear two-step increase of magnetization as a 
function of applied field in the magnetically ordered state. 
Furthermore, heat capacity and low-temperature PXRD 
measurements of EuAu2.66Cu2.34In reveal that two transitions are 
present in low-magnetic fields: a small but distinct lattice expansion 
coinciding with a strong heat capacity peak at 12 K and a weaker 
magnetic anomaly at lower temperature that moves up with applied 
magnetic field. The unit cell volume expansion due to increasing 
Au/Cu ratio within CeCu6-type solid solution produces interesting 
competition between two seemingly opposite processes: the reduction 
of θp value in gold-rich alloys indicates weaker FM interactions yet 
the stability of the canted AFM-like structure in the magnetically 
ordered state also decreases, if effect promoting collinear FM 
structure below the magnetic ordering transition, as evidenced by 
lower critical field of the canted-to-FM metamagnetic-like transition. 
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